Abstract. Psoriasis is a chronic, immune-mediated inflammatory skin disease, with a multifactorial etiology and important immunologic, genetic and environmental components. Psoriasis vulgaris represents its most common form, with a variable prevalence across the globe. Although its pathogenesis remains to be fully elucidated, a lack of balance in the epigenetic network has been shown to trigger certain elements of this disease, possibly altering its outcome. MicroRNAs are small non-coding RNA molecules involved in RNA-silencing and the post-transcriptional regulation of gene expression, which also appear to mediate the immune dysfunction in psoriasis. Although microRNA research is a new field in dermatology and psoriasis, there is rapidly accumulating evidence for its major contribution in the pathogenesis of chronic inflammatory conditions, including psoriasis and other dermatological disorders. Furthermore, circulating miRNAs identified in patients' blood samples have been identified as promising biomarkers of diagnosis, prognosis or treatment response. Extended investigations in this field are required, as until now, the exact involvement of miRNAs in psoriasis have remained to be entirely elucidated. This short review highlights a number of the roles of miRNAs found in different stages of psoriasis.
Introduction
Psoriasis is an inflammatory, T-cell-mediated skin disease possessing a variable distribution, severity and course from patient to patient (1) . It affects ~3% of the world population, although the regional prevalence may differ (2) . Immunologically it is characterized by the intense proliferation and aberrant differentiation of keratinocytes, and the infiltration of the epidermis with lymphocytes and neutrophils wherein T-cells, dendritic cells and certain inflammatory cytokines act as the principal actors (3-6). The major inflammatory molecules characteristic for psoriasis are tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), transforming growth factor-β (TGF-β) and interleukins, including interleukin (IL)-1, IL-17 and IL-22 (4, 5) . In addition to immunological involvement, psoriasis has been shown to possess genetic susceptibility and is susceptible to environmental triggers (3, 7) . The key role of microRNAs (miRNAs) in regulating the hyperproliferation, differentiation of keratinocytes, apoptosis and atypical immune activation in psoriasis has been widely discussed (5, 7) . miRNAs are small non-coding RNAs derived from larger primary RNA transcripts in the human genome, with significant roles in post-transcriptional gene expression regulation (8) . miRNAs are transcribed by polymerase II or III into primary precursor transcripts, which are first processed in the nucleus by Drosha and DiGeorge syndrome critical region 8 enzymes (9). Following nuclear processing, a precursor miRNA is then transported by the exportin 5-Ran GTPase shuttle system into the cytoplasm for final processing by Dicer and RNase III-like endonuclease in order to obtain mature miRNAs (10) . Subsequently, an RNA-induced silencing complex is formed, which regulates gene expression by causing target mRNA degradation or translation repression (9) (Fig. 1) . Previous studies have shown that there are multiple dysregulated miRNAs in psoriasis (3) .
In the following sections, the miRNAs most frequently associated with psoriasis are presented, according to their tendency to be either upregulated or downregulated, and their presence within the blood or diseased tissue samples. These miRNAs include: miR-21, which maintains skin inflammation in psoriasis patients; miR-31, which enhances the production inflammatory cytokines and chemokines via TNF-α; miR-146, which has a marked correlation with the expression of IL-17; miR-155, leading to the production of TNF-α; miR-203, which induces epithelial differentiation and supresses skin immune responses; miR-99, which inhibits keratinocyte differentiation by targeting insulin-like growth factor-1 receptor (IGF-1R); miR-125, which supresses cell proliferation; miR-197, which decreases the proliferation and migration of keratinocytes; and miR-520, which supresses the mitotic entry and proliferation of keratinocytes (3).
MicroRNAs involved in psoriasis
miR-21. miR-21 is overexpressed in psoriasis, is found in psoriatic skin lesions, psoriatic epidermal cells, dermal T cells and in blood samples, and it has a major role in psoriasis (11) . It activates mothers against decapentaplegic homolog 7, which is an antagonist of the TGF-β1 signaling pathway (11, 12) . In psoriatic patients, the expression of TGF-β is higher than normal, and is correlated with skin inflammation (13) . It also triggers the transcription of miR-21 in epidermal keratinocytes. (11) . miR-21-5p is known to downregulate metalloproteinase inhibitor-3 (TIMP-3) in keratinocytes, which is the main tissue inhibitor of the metalloproteinase gene family (14) . TIMP-3 inhibits the TNF-converting enzyme, a disintegrin and metalloprotease 17 (ADAM17), which converts the inactive form of TNF into its soluble, activated TNF configuration (15) . Binding to the TNF-receptor, the soluble form of TNF, activates the signal transducer and activator of transcription 3, the transcriptional activator of miR-21 (14, 15) . The inhibition Figure 1 . miRNA biosynthesis. miRNA genes are transcribed by RNA polymerase II as pri-miRNAs, which are subsequently processed by Drosha, resulting in pre-miRNA. Pre-miRNAs are then transported by the exportin 5-Ran GTPase shuttle system into the cytoplasm where they are cleaved by another RNase family enzyme (Dicer), resulting in the miRNA/miRNA duplex. During this phase, Dicer interacts with AGO2 proteins generating the RISC. Immediately following this, one strand of the miRNA duplex is removed while the single stranded miRNA remains in the complex and interacts with the 3' untranslated region of target mRNA genes, inducing posttranscriptional silencing and translational repression. miRNA, microRNA; pri-miRNA, primary RNA; pre-miRNA, miRNA precursor; DGCR8, DiGeorge syndrome critical region 8; AGO2, argonaute 2; RISC, RNA-induced silencing complex.
of miR-21 has been shown to have a beneficial effect in the treatment of psoriasis (15) (Fig. 2) .
miR-31.
The expression of miR-31 is increased in psoriatic blood and skin samples (16) . It enhances nuclear factor κ-lightchain-enhancer of activated B cells (NF-κB) signaling; NF-κB is a key mediator in the pathogenesis of psoriasis, involved in various pathways, including inflammation, keratinocyte proliferation, differentiation and apoptosis (17) . miR-31 regulates the production of inflammatory mediators (TNF-α, IL-1, IL-6, IL-17 and IL-22) and stimulates leukocyte chemotaxis, thus inhibiting miR-31 may be a therapeutic option in psoriasis (18) . In this event, the suppression of miR-31 decreases the expression of inflammatory cytokines and chemokines and reduces keratinocyte hyperproliferation (15) (Fig. 3) .
miR-146a. miR-146a is increased in psoriatic lesions and peripheral blood mononuclear cells, and during chronic Figure 2 . miR-21. TGF-β binds to the receptors leading to SMAD-2 or SMAD-3 phosphorylation, followed by aggregation with SMAD-4. SMAD 3/4 appears to induce the transcriptional induction of the synthesis of pri-miR-21, genes which are subsequently processed by Drosha, resulting in pre-miR-21. Pre-miR-21 is then transported by the exportin 5-Ran GTPase shuttle system into the cytoplasm where it is cleaved by another RNase family enzyme (Dicer), resulting miRNA/miRNA duplex. During this phase, Dicer interacts with AGO2 proteins generating the RISC. Immediately following this, one strand of the miRNA duplex is removed while the single stranded miRNA remains in the complex and interacts with the 3' untranslated region of target mRNA genes, inducing posttranscriptional silencing and repressing translation of the inhibitory SMAD-7, thereby eliminating the negative feedback mechanism of TGF-β signaling. miRNA/miR, microRNA; pri-miR, primary RNA; pre-miR, miRNA precursor; DGCR8, DiGeorge syndrome critical region 8; AGO2, argonaute 2; RISC, RNA-induced silencing complex; TGF-β, transforming growth factor-β; SMAD, mothers against decapentaplegic homolog 7. inflammation; it appears to be involved in suppressing the innate immune response in keratinocytes (19) (20) (21) . Reduced levels of miR-146a cause several effects, among which the early onset of psoriasis, exacerbation of skin inflammation, overexpression of IL-17, and hyperproliferation can be accounted (20, 22) . According to Pivarsci et al, due to Toll-like receptor (TLR) ligands, miR-146 is persistently increased in keratinocytes, downregulating the expression of inflammatory chemokines including IL-8 and C-C motif chemokine ligand 20 (23) . Consequently, miR-146a decreases TLR-dependent epidermal inflammation via the IL-1 receptorassociated kinase-1 and TNF receptor-associated factor 6 pathways, which mediate the IL-17A signaling to NF-κB and the recruitment of inflammatory cells (24) (25) (26) (27) (Fig. 4) .
miR-155.
The expression of miR-155 is upregulated in psoriatic biopsy samples (15) . It is important in processes including cell growth and proliferation (5) . By decreasing the expression of IL-4, a cytokine that characterizes the T helper (Th)2 phenotype, miR-155 promotes differentiation towards a Th1 phenotype (3, 28, 29) . Under such circumstances, during T-cell activation, the expression of miR-155 increases, possibly leading to the abnormal differentiation of CD4 + cells into several T-cells subsets in chronic skin inflammation (3). In keratinocytes, miR-155 is induced by TNF-α and IFN-γ (15). As a proinflammatory miRNA, via positive feedback, miR-155 increases the production of TNF-α (3). It also targets phosphatase and tensin homolog, which inhibits phosphoinositide 3-kinase (PI3K)/α-serine/threonine-protein kinase (AKT) signaling, a novel pathway recently identified in association with psoriasis, subsequently enhancing its own effect and maintaining the inflammation in psoriasis (30) (Fig. 5). miR-203. miR-203 is a skin-specific miRNA, which is exclusively overexpressed in psoriatic keratinocytes and is Figure 3 . miR-31. TGF-β binds to the receptors leading to SMAD phosphorylation, followed by aggregation with SMAD-4, which induces the synthesis of pri-miR-31, which is subsequently processed by Drosha, resulting in pre-miR-31. Pre-miR-31 is then transported by the exportin 5-Ran GTPase shuttle system into the cytoplasm where it is cleaved by another RNase family enzyme (Dicer), resulting in the miRNA/miRNA duplex and, finally, mature miR-31. miR-31 negatively regulates NIK. NIK is involved in phosphorylating IKKα and therefore in controlling the NF-κB pathway. miRNA/miR, microRNA; pri-miR, primary RNA; pre-miR, miRNA precursor; DGCR8, DiGeorge syndrome critical region 8; TGF-β, transforming growth factor-β; SMAD, mothers against decapentaplegic homolog 7; NF-κB, nuclear factor κ-light-chain-enhancer of activated B cells; NIK, NF-κB-inducing kinase; IKK, inhibitor of NF-κB subunit α.
involved in angiogenesis in psoriasis and keratinocyte differentiation (3). Although its role in IL-17-induced vascular endothelial growth factor (VEGF) remains to be fully elucidated, Xu et al showed that upregulated IL-17 induced the expression of miR-203, which activated the Janus kinase signaling pathway; this promoted the secretion of VEGF in immortalized nontumorigenic human epidermal cells (HaCaT) cells (31, 32) .
miR-125. miR-125 is found in the blood and skin lesions of patients with psoriasis, and is involved in regulating fibroblast growth factor receptor 2, which suppresses cellular proliferation and prolongs the cellular differentiation of psoriatic keratinocytes (33) . In the serum of patients with psoriasis, it appears to be downregulated (5) . It appears that inhibiting miR-125 in human keratinocytes may lead to hyperproliferation and delayed cellular differentiation (34) . Narrow band UVB phototherapy can increase miR-125 levels significantly (3).
miR-99. miR-99 is specifically downregulated in psoriasis, particularly in keratinocytes and the upper layer of the epidermis (3). It targets IGF-1R, which enhances the proliferation of basal layer cells in patients with psoriasis, stimulating hyperplasia and hyperkeratosis (15) . Targeting the IGF-1R mRNA 3' untranslated region (3'UTR), miR-99 decreases the protein levels of IGF-1R, consequently inhibiting keratinocyte proliferation (35) . This also causes the cells to differentiate, possibly explaining the higher level of miR-99a detected in the superficial layers of the epidermis (36) .
miR-197.
Although downregulated in psoriatic skin samples, miR-197 is involved in decreasing proliferation and migration, and driving the differentiation process via normal keratinocytes (5) . It binds onto the IL-22RA1 subunit of IL-22, leading to hyperproliferation (37) . It can also bind to the IL-17RA subunit of the IL-17R, thus promoting normal proliferation Figure 4 . miR-146. Toll-like receptor ligands bind to their receptor increasing the production of pri-miR-146. miR-146 genes are transcribed by RNA polymerase II as pri-miR-146, which are subsequently processed by Drosha, resulting in pre-miR-146. The pre-miR-146 is then transported by the exportin 5-Ran GTPase shuttle system into the cytoplasm where it is cleaved by another RNase family enzyme (Dicer), resulting in the miRNA/miRNA duplex and in the final step, mature miR-146. miR-146 downregulates the expression of TRAF6 and IRAK1. The decreased expression of these modulators leads to decreased phosphorylation of the IKK complex and thereby decreased activation of the NF-κB pathway. miRNA/miR, microRNA; pri-miR, primary RNA; pre-miR, miRNA precursor; DGCR8, DiGeorge syndrome critical region 8; TRAF6, TNF receptor-associated factor 6; IRAK1, interleukin 1 receptor-associated kinase 1; NF-κB, nuclear factor κ-light-chain-enhancer of activated B cells; IKK, inhibitor of NF-κB.
and decreasing the process of abnormal differentiation (38) . By inhibiting IL-17RA in keratinocytes, miR-197 reduces the expression of CCL, a chemoattractant for dendritic cells and T lymphocytes (37) .
miR-520. miR-520 is found in psoriatic keratinocytes and is markedly downregulated (10) . In vitro experiments on HaCaT cells have confirmed the importance of miR-520 in the proliferation and mitosis of human keratinocytes (39) . In vitro, it markedly suppressed the proliferation and mitotic entry of HaCaT cells by inhibiting AKT (40) . miR-520a downregulates the transcription factor E2F, which suppresses cell cycle progression and proliferation (39) . It also binds to the 3'UTR of AKT1 mRNA, thus inhibiting keratinocyte proliferation (40) . Although utilizing miR-520 as a treatment option for psoriatic patients remains a challenge, the problem may be solved by using mimics of miRNA-520 (40).
Conclusion
In the present review, various examples of miRNA involvement in psoriasis are described (Table I) . miRNAs can be detected in small volume blood samples or skin samples using quantitative realtime polymerase chain reaction (41) . A promising characteristic is that miRNAs can be used in psoriasis for diagnosis, prognosis or as a treatment option (5) . Multiple interactions between epidermal keratinocytes and immunocytes generally lead to the development of this disease (15) . A considerable number of miRNAs have been described to be upregulated in psoriasis, thus their inhibition may offer a revolutionary treatment method (42) . Therefore, the increased miRNAs require downregulation using miRNA inhibitors, whereas miRNAs that are decreased in psoriasis require supplementation using miRNA mimics (43) .
In conclusion, further investigations are likely to confirm the advantages of using miRNAs in psoriasis as a biomarker, prognostic marker or novel treatment option. Figure 5 . miR-155. miR-155 genes are transcribed by RNA polymerase II as pri-miR-155, which are subsequently processed by Drosha, resulting in premiR-155. Pre-miR-155 is then transported by the exportin 5-Ran GTPase shuttle system into the cytoplasm where it is cleaved by another RNase family enzyme (Dicer), resulting in the miRNA/miRNA duplex and, finally, mature miR-155 that targets the 5' inositol phosphatase SHIP1, which downregulates its expression and, in turn, promotes sustained activation of the PI3K pathway, consequently enhancing the production of IFN-γ. miRNA/miR, microRNA; pri-miR, primary RNA; pre-miR, miRNA precursor; DGCR8, DiGeorge syndrome critical region 8; SHIP1, SH-2 containing inositol polyphosphatase 1; PI3K, phosphoinositide 3-kinase; IFN-γ; interferon-γ. 
